Threose nucleic acid (TNA) is an artificial genetic polymer capable of undergoing Darwinian evolution to produce aptamers with affinity to specific targets. This property, coupled with a backbone structure that is refractory to nuclease digestion, makes TNA an attractive biopolymer system for diagnostic and therapeutic applications. Expanding the chemical diversity of TNA beyond the natural bases would enable the development of functional TNA molecules with enhanced physiochemical properties. Here, we describe the synthesis and polymerase activity of a fluorescent cytidine TNA triphosphate analogue (1,3-diaza-2-oxo-phenothiazine, tC f TP) that maintains Watson-Crick base pairing with guanine. Polymerase-mediated primer-extension assays reveal that tC f TP is efficiently added to the growing end of a TNA primer. Detailed kinetic assays indicate that tC f TP and tCTP have comparable rates for the first nucleotide incorporation step (k obs1 ). However, addition of the second nucleotide (k obs2 ) is 700-fold faster for tC f TP than tCTP due the increased effects of base stacking. Last, we found that TNA replication using tC f TP in place of tCTP exhibits 98.4% overall fidelity for the combined process of TNA transcription and reverse transcription. Together, these results expand the chemical diversity of enzymatically generated TNA molecules to include a hydrophobic base analogue with strong fluorescent properties that is compatible with in vitro selection.
INTRODUCTION
We are interested in advancing the development of threose nucleic acid (TNA) as an artificial genetic polymer for synthetic genetics (1) . TNA is a particular type of XNA that has a backbone structure composed of repeating units of ␣-L-threose sugars that are vicinally linked by 2 ,3 -phosphodiester bonds ( Figure 1A ) (2) . Despite a backbone repeat unit that is one atom (or bond) shorter than that of DNA or RNA, TNA is capable of forming stable antiparallel Watson-Crick duplex structures with itself and with complementary strands of DNA and RNA (3) (4) (5) . Solution NMR studies reveal that duplex formation in either the self-pairing mode (TNA/TNA) or cross-pairing modes (TNA/DNA or TNA/RNA) occurs through an A-like helical geometry that is templated by a rigid TNA backbone (5, 6) . More recently, stability assays performed under harsh biological conditions demonstrate that TNA is refractory to nuclease digestion, which makes TNA a strong candidate for diagnostic and therapeutic applications that require high biological stability (7) .
The process of developing a polymerase-mediated replication system began with an effort to identify natural or engineered polymerases that could recognize TNA, either as a substrate in the template or as a nucleotide triphosphate. From these studies, several DNA polymerases were identified that could synthesize short segments of DNA on a TNA template and other polymerases that could copy limited stretches of TNA on a DNA template (8) (9) (10) (11) . Subsequent screening of Archaeal B-family thermophilic DNA polymerases led to the discovery of Therminator DNA polymerase as an enzyme that could copy DNA templates (∼50 nts) into full-length TNA products (12) . Using a DNA display strategy that linked newly synthesized TNA strands to their encoding DNA templates (13) , a TNA aptamer was evolved to bind human ␣-thrombin (14) . The ability for TNA to fold into a structure with high ligand binding affinity (14) , along with similar studies performed on hexitol nucleic acid (15) , provided the first clear demonstration that the chemical problem of ligand binding was not unique to the natural ribofuranosyl polymers of DNA and RNA.
More recently, a microfluidics strategy called dropletbased optical polymerase sorting (DrOPS) was developed that allows engineered polymerases to be evolved in uniform water-in-oil microcompartments (16) . This technique, coupled with the protein design strategy of scaffold sampling, led to the development of a new TNA polymerase called Kod-RI, which is an engineered version of a nat- urally occurring DNA polymerase isolated from the Archaean species Thermococcus kodakarensis that carries the TNA synthesis mutations A485R and E664I and the 3 ,5exonuclease silencing mutations D141A and E143A (17) . Kod-RI exhibits 5-fold faster primer-extension efficiency (3 hours versus 15 hours, respectively) and ∼20-fold higher fidelity (four errors per 1000 nucleotide incorporations versus 70 errors, respectively) as compared to Therminator DNA polymerase.
Although Kod-RI represents a substantial improvement over Therminator DNA polymerase, the enzyme stalls when it encounters sequential G-nucleotides in the DNA template. This problem is not unique to engineered polymerases, as many naturally occurring DNA polymerases are known to process G-rich sequences with reduced efficiency (18) . However, relative to DNA synthesis, the problem is more acute for TNA synthesis as repeats as short as two G-nucleotides can lead to polymerase stalling. We postulated that polymerase stalling was due to poor substrate coordination in the enzyme active site, which is consistent with the structural differences between DNA and TNA nucleotide triphosphates. In an effort to solve this problem, we sought to develop a cytidine analogue that would introduce new physiochemical properties into the TNA strand, while at the same time help stabilize the tC:dG base pair during TNA synthesis. In this regard, the cytidine analogue, 1,3-diaza-2-oxo-phenothiazine ( Figure 1B) , provided an attractive candidate due to its expanded aromatic ring system that is both fluorescent and capable of Watson-Crick base pairing with guanine (19, 20) . Because TNA cytidine and the cytosine base analogue, 1,3-diaza-2oxo-phenothiazine share the same abbreviation 'tC' in the prior literature, we chose to abbreviate the tricyclic cytidine ring system for a TNA nucleoside as 'tC f ', which allowed us to distinguish it from TNA cytidine (tC). Previous studies have shown that the DNA version of C f increases the thermal stability of model duplexes without perturbing the structure or dynamics of the DNA helix (21) . In addition, the 5 -O-triphosphate of 1,3-diaza-2-oxo-phenothiazine 2deoxynucleoside is a known substrate for several DNA polymerases, demonstrating that DNA polymerases can accommodate the larger size of the C f base (22) (23) (24) (25) . Moreover, tricyclic cytosine has also been investigated in RNA polymerase contexts (26) .
Here, we report the chemical synthesis of 1,3-diaza-2oxo-phenothiazine TNA nucleoside (tC f ) derivatives and the in vitro replication of TNA polymers containing C f as a fluorescent cytidine analogue. We show that Kod-RI can efficiently read-through sequential G-nucleotides in a DNA template when the reaction mixture contains tC f TP in place of tCTP. Competition assays performed at different ratios of tCTP and tC f TP indicate that tC f is preferentially incorporated onto the growing end of a primer strand. Presteady-state kinetics measurements reveal that the first nucleotide incorporation step (k obs1 ) is comparable for tC f TP and tCTP. However, incorporation of the second nucleotide (k obs2 ) is 700-fold faster for tC f TP than tCTP. Last, we found that a complete replication cycle of DNA into TNA and TNA back into DNA occurs with an overall fidelity of 98.4%, which is comparable to other xeno-nucleic acid polymers (15) . Taken together, these results advance the field of synthetic genetics by enabling the synthesis of TNA polymers with new physiochemical properties.
MATERIALS AND METHODS

General methods and materials
Non-aqueous reactions were performed using oven-dried glassware under an atmosphere of argon or nitrogen. Chemicals and solvents were purchased from Sigma-Aldrich and used without further purification. Reactions were monitored by thin layer chromatography using UV-activated TLC plates with silica gel 60 F254 and aluminium backing (Sigma-Aldrich, St. Louis, US). Flash column chromatography was performed using SiliCycle 40-60 mesh silica gel (SiliCycle Inc., Quebec City, Canada). Yields are reported as isolated yields of pure compounds. 1 H, 13 C and 31 P NMR spectra were obtained using a Bruker DRX400 or DRX500 NMR (Bruker, Billerica, USA). 1 Table S1 ). The PBS7-TNA5-IR800 primer was obtained by solid-phase synthesis using chemically synthesized TNA phosphoramidites (27) . Recombinant Kod-RI polymerase was expressed and purified from E. coli as described in the supplemental information section.
Chemical synthesis
. To a suspension of 1,3-diaza-2-oxophenothiazine (2) (0.66 g, 3.03 mmol) in 40 ml anhydrous acetonitrile was added N,O-bis(trimethylsilyl)acetamide (1.85 ml, 7.57 mmol) and the mixture was stirred for 2 h at 75 • C. After cooling to 3 .03 mmol) in 10 ml anhydrous acetonitrile was added dropwise to the reaction mixture. TMSOTf (1.65 ml, 9.09 mmol) was then added and the mixture was heated for 5 h at 65 • C. The mixture was cooled to 24 • C, diluted with 100 ml of CH 2 Cl 2 , and poured into a stirring solution of sat aq. NaHCO 3 (100 ml) to precipitate the unreacted nucleobase as a yellow solid. The precipitate was filtered and the organic layer was separated and washed with H 2 O (100 ml) and brine (100 ml), dried over MgSO 4 and concentrated under reduced pressure. The residue was washed with 100 ml of hexane/EtOAc (1:1) and the crude nucleoside was obtained as yellow solid (1.2 g), which was used directly without further purification. A small amount of pure compound 3 was obtained by flash chromatography (silica gel, column 15 × 3 cm, hexane/CH 2 Cl 2 /EtOAc, 1:1:1). TLC (hexane/EtOAc, 1:1): R f = 0.33. 1 13 (4) . To a cold (0-5 • C) solution containing crude 3 (1.54 g, 2.32 mmol) in THF (30 ml) was added dropwise tetrabutylammonium fluoride (1 M solution in THF (2.32 ml, 2.32 mmol) and the mixture was stirred for 1 h at 0 • C. The solvent was evaporated under reduced pressure and the residue was purified by flash chromatography (SiO 2 , column 10 × 3 cm, CH 2 Cl 2 /MeOH, 20:1) to afford 4 (0.91 g, 92%) as yellow foam. TLC (DCM/MeOH, 10:1): R f = 0.48. 1 13 (5) . Compound 4 (208 mg, 0.49 mmol) was dissolved in a solution of NH 3 -MeOH (6 ml) and stirred for 3.5 h at 24 • C. The solvent was removed under reduced pressure and crude 5 was purified by flash chromatography (SiO 2 , column 10 × 3 cm, CH 2 Cl 2 /MeOH, 10:1) to afford the free nucleoside 5 (157 mg, 100%) as a yellow solid. TLC (DCM/MeOH, 9:1): (6) . To a stirring solution of 4 (0.34 g, 0.80 mmol) and DMAP (20 mg, 0.16 mmol) in CH 2 Cl 2 (10 ml) was added (i-Pr) 2 NEt (210 l, 1.21 mmol) followed by the addition of 2-cyanoethyl-N,N-diisopropylchlorophosphine (215 l, 0.96 mmol). After stirring for 40 min at 24 • C, the solution was diluted with CH 2 Cl 2 (40 ml) and extracted with 5% aq. NaHCO 3 (40 ml). The organic layer was washed with brine, dried over Na 2 SO 4 and evaporated. The residue was purified by flash chromatography (SiO 2 , column 10 × 3 cm, CH 2 Cl 2 /acetone, 6:1) affording 6 (0.47 g, 93%) as a yellow foam. R f = 0.33 (CH 2 Cl 2 /acetone, 4:1). 31 (7) . To a stirring solution of 6 (0.47 g, 0.75 mmol) in acetonitrile (15 ml) was added 3-hydroxypropionitrile (82 l, 1.2 mmol) followed by a solution of 0.45 M tetrazole in THF (2.67 ml, 1.2 mmol). After stirring for 3 h at 24 • C, the solution was diluted with CH 2 Cl 2 (50 ml) and washed with brine. The organic layer was dried over Na 2 SO 4 and evaporated to afford a yellow foam. This material was directly used for the next step. The foam was dissolved in 6 ml of THF and H 2 O 2 (30% in H 2 O) (153 l, 1.5 mmol) was added to the solution. After stirring at 24 • C for 20 min, the solution was diluted with CH 2 Cl 2 (50 ml) and washed with brine. The organic layer was dried over Na 2 SO 4 and evaporated. The residue was purified by flash chromatography (SiO 2 , column 10 × 3 cm, CH 2 Cl 2 /acetone, 1:1) to afford 7 (275 mg, 60%) as a yellow foam. R f = 0.28 (CH 2 Cl 2 /acetone, 1:1). 1 (8) . Compound 7 (185 mg, 0.30 mmol) was suspended in NH 4 OH 5mL and stirred for 16 h at 37 • C. The solution was diluted with water and washed with CH 2 Cl 2 (3 × 40 ml). The aqueous layer was lyophilized to afford the desired monophosphate 8 (119 mg, 91%) as a yellow solid. 31 3 -Phosphor-(2-methyl)imidazolide (9) . Monophosphate 8 (118 mg, 0.27 mmol) and 2-methylimidazole (200 mg, 2.44 mmol) were dissolved in DMSO under nitrogen. To this solution was added DMF (2 ml), triethylamine (0.10 ml), triphenylphosphine (140 mg, 0.53 mmol) and 2,2 -dipyridyl disulfide (160 mg, 0.73 mmol), and the reaction was stirred for 6 h at 24 • C. The product was precipitated as a sodium salt by dropwise adding the reaction mixture to a stirring solution of acetone (60 ml), diethyl ether (80 ml), triethylamine (6 ml), saturated NaClO 4 in acetone (0.4 ml). The precipitate was collected by centrifugation, washed with (1:1) acetone/diethyl ether (3 × 10 ml), and dried over vacuum. 110 mg of product 9 (yield 83%) was obtained as sodium salt and used for next step directly without further purification. 31 
3-α-L-Threofuranosyl-1,3-diaza-2-oxophenothiazine
R f = 0.35. UV max (MeOH)/nm (ε/dm 3 mol −1 cm −1 ) 236 (26100),3-(2 -O-Benzoyl-α-L-threofuranosyl)-1,3-diaza-2- oxophenothiazine-3 -(2-cyanoethyl)-N,N'-diisopropyl phosphoramidite3-(2 -O-Benzoyl-α-L-threofuranosyl)-1,3-diaza-2- oxophenothiazine-3 -bis(2-cyanoethyl)- phosphotriester3-α-L-Threofuranosyl-1,3-diaza-2-oxophenothiazine 3 - monophosphate
3triphosphate (10) . To a DMF (2 ml) solution of compound 9 (49 mg, 0.10 mmol) was added tributylamine (47 l, 0.20 mmol) and tributylammonium pyrophosphate (110 mg, 0.20 mmol), and the reaction was stirred for 6 h at 24 • C under N 2 . The reaction mixture was diluted with water and washed with CH 2 Cl 2 (3 × 40 ml). The aqueous layer was lyophilized to dryness and purified by reverse-phase HPLC. Fractions containing triphosphates was collected and lyophilized to afford the product as a triethylammonium salt. The yield of triphosphate 10 was measured by the UV spectrophotometry, assuming an extinction coefficient of 13.3 mM −1 cm −1 , and found to be 19% (19 mol). 31 
Competition assay
Competition assays were performed as described above for the primer-extension assay using the PBS7-IR700 or PBS7-TNA5-IR800 primers and the PSB7-1G or PBS7-TNA5-1G templates. Reactions contained different molar ratios of tCTP and tC f TP (0-100%) poised at a final concentration of 100 M cytidine triphosphate. Reactions were incubated for 5 min at 55 • C, quenched with stop buffer and analyzed by 20% denaturing urea PAGE, and quantified using an ODYSSEY scanner (LI-COR, Lincoln, USA).
Pre-steady state kinetics
100 nM of PBS7-IR700 was annealed with 100 nM of PBS7-2G in 1 × ThermoPol buffer. The solution was combined with 400 nM Kod-RI and 100 M of tNTP substrate. The reaction was incubated at 45 • C for increasing amounts of time (0-15 min). At designated time points, a portion of the reaction was removed, quenched with stop buffer, analyzed by 20% denaturing PAGE, and quantified by ODYSSEY scanner. In the kinetics analysis (see SI section), k obs1 was measured from the decay profile of the starting primer (Eq. 1). The value for k obs1 was then introduced into Equation (4) to obtain k obs2 , which describes the accumulation of the n + 2 product. Graphs were plotted using Prism (Lalla, CA, USA).
Fidelity of TNA replication
The fidelity assay was performed as previously described (17) . Briefly, primer 1 M PBS8 extra containing a single nucleotide mismatch was annealed with 1 M of the 4NT9G template. The primer-extension reaction was performed for 1 h at 55 • C in 1× Thermopol buffer supplemented with 1 mM MnCl 2 and 100 M of each tNTP. The polymerase Kod-RI was used at a final concentration of 0.5 mg/ml, which is in 4-fold excess to the primer-template concentration. The extension product was purified by denaturing PAGE and reverse transcribed into cDNA. The reverse transcription reaction was performed by incubating the TNA template-PBS7 primer complex (1 M) with Bst DNA polymerase (1 M) for 3 h at 50 • C in a reaction mixture (50 l) that contained 500 M each dNTP, 3 mM MgCl 2 and 1× Thermopol buffer. The cDNA product was PCR amplified with the extra/PBS7 primer pair, ligated into a TOPO vector (Thermo Fisher, Waltham, MA, USA), and cloned into Escherichia coli. Individual colonies were grown in liquid media and sequenced (Retrogene, San Diego, CA, USA). DNA sequences were aligned with the 4NT9G template and analyzed using DNASTAR (Madison, MI, USA).
RESULTS
Synthesis of ␣-L-threofuranosyl-1,3-diaza-2-oxo-phenothia zine nucleoside
We began by synthesizing the ␣-L-threofuranosyl-1,3diaza-2-oxo-phenothiazine nucleoside (5) from the universal glycosyl donor (1) and 1,3-diaza-2-oxo-phenothiazine Nucleic Acids Research, 2017, Vol. 45, No. 10 5633 (2) . Compounds 1 and 2 were prepared from known literature procedures and conjugated together in a Vorbrüggen glycosylation reaction to produce nucleoside 3 in protected form (Scheme 1) (20, 27) . Compound 5 was generated with an overall yield of 55% by deprotection of the 3 -O-TBDPS group of 3 with TBAF to produce 4, which was subsequently treated with ammonia in methanol to remove the 2 -O-benzoyl group. The structure of ␣-L-threofuranose nucleoside 5 was confirmed by small molecule X-ray diffraction (Figure 2A ). Torsion angles formed by the O-C(2 )-C(3 )-O and O-C(1 )-N(3)-C(2) atoms (170.2 • and -166.5 • , respectively) are in close agreement with the bond angles previously observed for TNA nucleosides with natural bases (see Supplementary Data) (3, 28) .
To confirm that tC f retains its fluorescent properties when constructed as a TNA nucleoside, we measured the absorption and emission spectra of the free nucleoside in water. As shown in Figure 2B , nucleoside 5 exhibits a significant Stokes shift with absorption and emission maxima of 375 and 500 nm, respectively. This result is in close agreement with a previously reported value for the DNA version of C f (21, 29) , and highlights the value of extending the properties of modified bases to nucleic acid polymers with unnatural backbone structures.
Synthesis of the triphosphate derivative
TNA triphosphates are more difficult to synthesize than DNA and RNA triphosphates, because phosphorylation occurs at the sterically encumbered secondary hydroxyl group located at the 3 position of the sugar ring rather than the more accessible primary hydroxyl group located at the 5 position of pentose sugars (e.g. the sugar commonly found in DNA and RNA). For this reason, we have evaluated a number of different strategies for synthesizing TNA triphosphates (30) . One of the more successful approaches developed to date follows a Hoard-Ott-like approach in which the TNA nucleoside is first converted to an activated monophosphate that is subsequently treated with pyrophosphate to afford the desired nucleoside triphosphate (31, 32) . As shown in Scheme 2, nucleoside 4 was converted to monophosphate 8 via the phosphoramidite and phosphotriester intermediates 6 and 7, respectively. Monophosphate 8 was then converted to a phosphorimidazolide (9) , which was subsequently displaced with pyrophosphate to provide the desired nucleoside triphosphate (tC f TP, 10). Compounds were characterized by 1 H, 13 C, 31 P NMR spectra as well as HRMS mass spectra (see Materials and Methods Section and Supplementary Data).
TNA synthesis with a modified base pair
We evaluated the ability of tC f TP to be incorporated into a growing TNA strand using a standard primer-extension assay. For this experiment, a series of DNA primer-template complexes were designed to contain a central region of one to three sequential guanosine residues that were flanked on either side by an arbitrary sequence composed of A, C and T residues (Figure 3 ). Kod-RI was challenged to extend the DNA primer using chemically synthesized TNA triphosphates (tNTPs) that contained either tCTP or the fluorescent analogue tC f TP in the reaction mixture (30) . In cases where the polymerase is able to read through the stretch of G nucleotides, the product will be an elongated strand in which 50 consecutive TNA residues have been added to the 3 -end of a DNA primer. However, if the polymerase is unable to bypass the G repeat, it will produce truncated band that is easily detected by denaturing polyacrylamide gel electrophoresis (PAGE).
PAGE analysis of the primer-extension assay reveals a striking difference in the ability for tCTP and tC f TP residues to read through the G-nucleotide motifs ( Figure  3 ). In the case of tCTP, Kod-RI can efficiently read through a single G-residue embedded in a DNA template. However, the enzyme struggles to read through DNA templates that contain two or more sequential G-nucleotides. In such cases, ∼50% of the elongated product is trapped at the pause site, while the remainder is extended to full-length product. By comparison, primer-extension reactions performed with tC f TP yield the desired full-length TNA product in all of the cases tested ( Figure 3 ). This marked difference in TNA polymerization efficiency implies that the larger aromatic ring system of tC f TP may help stabilize the tC:dG base pair in the enzyme active site.
Competitive primer-extension assays
Recognizing the fact that DNA primers extended with tC f migrate more slowly on a denaturing polyacrylamide gel than primers extended with tC, we designed a competition assay to compare the relative preference of Kod-RI for tC f TP versus tCTP. Accordingly, a series of singlenucleotide primer-extension experiments were performed by varying the mole fraction of tC f TP in the tNTP mixture from 0 to 100%. If Kod-RI has an equal preference for both nucleotides, the primer will be extended equal amounts at a mole fraction of 0.5. However, if Kod-RI prefers one substrate over the other, then an imbalance will occur where the mole fraction will trend in the direction of the preferred substrate. As shown in Figure 4A , Kod-RI shows a clear preference for tC f TP over tCTP such that an equal distribution of the tC f and tC monomers occurs at a mole fraction of 0.15.
To show that this effect was not due to the regiochemistry of the DNA primer, we repeated the experiment using a chimeric DNA-TNA primer that carried 5 TNA residues at the 3 end. This new primer was designed to probe the downstream process of TNA synthesis where TNA monomers are added to the 2 end of a growing TNA strand to create 2 -3 phosphodiester bonds. By contrast, strand elongation from a DNA primer produces a 3 -3 phosphodiester bond between the DNA primer and first nucleotide adduct due to the strand polarity differences between TNA and DNA (3 ,2 versus 5 ,3 , respectively). Similar to the all-DNA primer, an equal distribution of the tC f TP and tCTP monomers occurs at a mole fraction of 0.15 ( Figure 4B ). Together, these results indicate that the preference of Kod-RI for tC f TP is the same regardless of whether TNA extension occurs from a DNA primer or DNA/TNA chimeric primer.
Kinetic analysis of TNA synthesis
To examine the mechanism of TNA synthesis in greater detail, we used pre-steady-state kinetics to measure the rate of tCTP and tC f TP incorporation at the 3 end of a DNA primer. Although tC f provides an optical signal for gel analysis, we chose to use a 5 -labeled dye for kinetic analysis so that the kinetic data from tC f could be compared directly to equivalent data obtained for tC. In brief, a preincubated solution of Kod-RI (400 nM) and 5 -dye-labeled DNA primer-template complex (100 nM) in a reaction buffer at 45 • C was rapidly mixed with either tCTP or tC f TP (100 M). After brief incubations at various times, the reactions were quenched with EDTA and analyzed by denaturing PAGE. The data were fit to a single-exponential equation to yield k obs , which is the observed rate constant for a single-nucleotide incorporation event. Since the tC f TP substrate was found to insert opposite multiple G residues with higher efficiency than tCTP, we designed a DNA template that contained two sequential G-nucleotides. This template design allowed us to measure the first (k obs1 ) and second (k obs2 ) nucleotide incorporation events by monitoring the decay of the starting primer and the accumulation of the n + 2 product from the n + 1 product, respectively, in a single primer-extension reaction.
The complete set of kinetic profiles observed for primerextension experiments performed with the tCTP and tC f TP substrates are provided in Figure 5 . Accordingly, we observe that the rate of cytidine incorporation at the first nucleotide position (k obs1 ) is 2-fold faster for tCTP than tC f TP (0.031 ± 0.002 s −1 versus 0.017 ± 0.007 s −1 , respectively). However, after the first TNA residue is added to the DNA primer, the n + 1 product accumulates in the tCTP reaction, while the tC f TP reaction rapidly progresses from the n + 1 product to the n + 2 product ( Figure 5 ). Comparison of the incorporation rates for the second nucleotide extension step (k obs2 ) reveals that the modified tC f TP substrate is 700-fold faster than the tCTP substrate (2.6 ± 0.04 s −1 versus 0.0036 ± 0.001 s −1 ). We attribute the rate acceleration of the tC f TP substrate to favorable base stacking interactions that arise when two C f bases are located adjacent to one another on the same strand, which could help stabilize the substrate in the enzyme active site. Alternatively, it is also possible that enhanced activity is due to increased Van der Waals interactions provided by aromatic side chains in the enzyme active site.
Fidelity of TNA replication
To ensure that Kod-RI faithfully incorporates the tC f TP substrate opposite dG residues in a DNA template, we measured the fidelity of TNA replication by sequencing the cDNA product. This fidelity assay measures the aggregate fidelity of a complete replication cycle (DNA→TNA→DNA), which is operationally different than the more restricted view of fidelity as the accuracy of a single-nucleotide incorporation event ( Figure 6A ). The fidelity determined by this assay is the actual accuracy by which full-length TNA is synthesized and reverse transcribed, and therefore reflects the combined effects of nucleotide misincorporation, insertions and deletions, and any mutations that occur during PCR amplification and cloning. Several controls were implemented to ensure that the sequencing results represented the true fidelity of TNA replication. First, to eliminate any possibility of contamination by the starting DNA template, the DNA primer-template complex used for TNA transcription was partially unpaired and contained a dideoxynucleotide at the 3 end of the template strand to prevent elongation across the unpaired region of the primer. This design also facilitates separation of the TNA product by denaturing PAGE as the product and template strands have different lengths. Second, all PCR . Single-nucleotide competition assay comparing the primer-extension efficiency of tCTP versus tC f TP. Competition assays were performed using triphosphate solutions that contained defined ratios of tCTP and tC f TP ranging from 0 to 100% tC f TP. Primer-extension reactions were performed on primer-template complexes that were either all-DNA (A) or used a DNA/TNA chimeric primer that contained 5 TNA residues at the 3 end (B). Each dataset represents the average of two independent trials.
5'-GGATCGTCAGTGCATTGAGA 3'-CCTAGCAGTCACGTAACTCTGGCCGTTT
A A B C Figure 5 . Kinetic analysis of tCTP and tC f TP incorporation on a DNA primer-template complex. (A) Pre-steady state conditions were used to measure the rate of the first (k obs1 ) and second (k obs2 ) nucleotide incorporation events for tCTP (B) and tC f TP (C) on a DNA primer-template complex that contained two G-residues in the template region. The kinetic process is colored according to the decay of the primer strand (red), accumulation of the n+1 adduct (green), and accumulation of the n + 2 adduct (blue). Error bars represent the average of two or more independent trials. amplification steps were performed using a negative control that contained the purified TNA template prior to the reverse transcription step. In no cases did we observe a DNA band, demonstrating that the purified TNA product contained minimal DNA template as a background contaminant. Third, to unambiguously demonstrate that each DNA sequence derived from a complete cycle of TNA replication, the DNA primer used for TNA transcription was engineered to contain a single-nucleotide mismatch that resulted in an A→T transversion in the sequenced product. Together, these controls allowed us to measure the fidelity of TNA replication with confidence.
We sequenced >1000 nucleotide positions from the cDNA isolated from a cycle of TNA transcription and reverse transcription. In this experiment, Kod-RI was used to facilitate TNA synthesis, while Bst DNA polymerase was used to reverse transcribe the TNA back into DNA (33) . Analysis of the data yielded an overall replication fidelity of 98.4% (error rate of 1.6 × 10 −2 ), as shown in Figure 6B . This level of fidelity is comparable to previous fidelity results for other XNA systems (15) .
DISCUSSION
In the field of synthetic genetics, where engineered polymerases are used to synthesize artificial genetic polymers, there exist two main reasons for developing XNA polymers with modified bases. The first and most pressing reason is to overcome the limitations of engineered polymerase that function with inferior activities relative to natural polymerases. Analogues that compensate for problems with template sequence bias, primer-extension efficiency, or fidelity provide a chemical biology solution that can enhance the value of XNA polymers until new generations of XNA polymerases are produced by directed evolution. Diaminopurine, for example, was previously used as a base analogue of adenosine to increase the rate of TNA synthesis at a time when early TNA polymerases were unable to synthesize long stretches of TNA on DNA templates (11) . A second reason for pursuing XNA with modified bases is to endow XNA polymers with functional properties not present in the four canonical bases of A, G, C and T (U). Chemically modified bases, for example, have long been used to expand the functional diversity of natural DNA and RNA (34) . These include functional groups with amino acid side chains as well as unnatural chemical moieties with functionalities beyond those found in proteins (35, 36) .
In the current study, we sought to develop a cytidine analogue that would stabilize the tC:dG base pair in the active site of Kod-RI and expand the functional properties of TNA. A review of the literature identified 1,3-diaza-2oxo-phenothiazine (C f ) as a base analogue that maintains Watson-Crick base pairing with guanine, but has an enhanced base stacking ability due to a large tricyclic aromatic ring system (19) . In the context of a DNA helix, one C f incorporation can increase the melting temperature of a DNA duplex by 2.7 • C relative to an identical duplex containing natural cytosine (21) . This level of stability, along with increased hydrophobic and fluorescence character, were viewed as favorable properties for a modified base analogue.
We show that C f supports both reasons for generating XNA polymers with modified bases. Replacing cytosine with C f enables Kod-RI to read through G-repeats in a DNA template that posed a strong barrier to TNA synthe-sis. The favorable kinetic properties and faithful replication profile make C f a valuable base analogue for synthetic genetics, as this modification makes it possible to synthesize any reasonable TNA sequence that is accessible from a standard four letter genetic alphabet. In addition, the C f ring system provides TNA with new chemical properties that are not found in the canonical bases (20, 21) . This includes strong fluorescent properties that are insensitive to environment as well as increased hydrophobic and base stacking character that may enhance the functional properties of TNA aptamers. Collectively, these benefits demonstrate the importance of pursuing base analogues in synthetic genetics, which is growing trend in the field of artificial genetic polymers (37) .
CONCLUSION
In summary, our study identified C f as a modified cytosine analogue that improves TNA synthesis by enabling an engineered TNA polymerase to read through sequential Grepeats in a DNA template. In addition to enhancing the sequence diversity of TNA polymers generated by enzymemediated synthesis, C f introduces new physiochemical that are not present in TNA molecules composed of natural bases. This includes an expanded aromatic ring system with increased hydrophobic character and fluorescence activity that is insensitive to environmental conditions.
